Three tobacco cell lines have been analyzed which are resistant to lethal inhibitors of either putrescine production or conversion of putrescine into polyamines. Free and conjupted putrescine pools, the enzymic activities (arginine, ornithine, and S-adenosylmethionine decarboxylases), and the growth characteristics during acidic stress were measured in suspension cultures of each cell line. One cell line, resistant to difluoromethylornithine (Dfrl) had a very low level of ornithine decarboxylase activity which was half insensitive to the inhibitor in vitro.
Intracellular free putrescine in Dfrl was elevated 10-fold which was apparently due to a 20-fold increase in the arginine decarboxylase activity.
The increased free putrescine titer was not reflected in an increased level of spermidine, spermine, or putrescine conjugation. Dfrl cultures survived acidic stress at molarities which were lethal to wild type cultures. Two other mutants, resistant to methylglyoxal bis(guanylhydrazone) (Mgr3, Mgrl2), had near normal levels of the three decarboxylases and normal titers of free putrescine, spermidine, and spermine. Both mutants however had elevated levels of conjugated putrescine. Mgrl2 had an increased sensitivity to acidic medium. These results suggest that increased levels of free putrescine production may enhance the ability of tobacco cells to survive acid stress. This was supported by the observation that cytotoxic effects of inhibiting arginine decarboxylase in wild type cell lines were dependent on the acidity of the medium.
A variety of stressful growth conditions result in the accumulation of free putrescine in many plants. In K+-deficient plants, plants using only NH4' as a nitrogen source, osmotically stressed or acid stressed plants, increased arginine decarboxylation yielding free putrescine has been observed (6-8, 11, 25, 28) . Little is known about the response of cell cultures to the same kinds of stress with respect to the production and utilization of free putrescine. Although variant cell lines with altered polyamine metabolism have been described (13, 16) and partially characterized (13, 17) , these cell lines have yet to be used to determine if increased putrescine production can enhance cell survival under stress.
Analysis of the utilization of polyamines in variant suspension cultures may give clues about the significance of the different forms of polyamines which are known to exist in plants. In tobacco callus cells, the conjugated form of the polyamines, especially putrescine, are far more abundant than the free form (17, 22, 27) . Although much is known about the developmental regulation of polyamine conjugation (18) (19) (20) (21) (22) , little is known about the metabolic regulation ofconjugation or its physiological significance.
In previous reports (13, 17) , the abundance of free and bound polyamines and the enzymic activities of MGBG2-resistant cell lines were measured as a first step toward understanding the basis of resistance. It was found that these mutants fall into several distinct classes on the basis of their biochemical characteristics. Some of the cell lines have altered enzymic activities and others have elevated levels of some of the polyamines and polyamine conjugates. The results of a limited genetic analysis suggest that MGBG resistance in some of the cell lines is a nuclear dominant trait which displays linkage with the developmental abnormalities previously described (15) . In order to further understand the possbile significance of the regulation of polyamine metabolism we have analyzed the production and conjugation of putrescine in suspension cultures during growth in low pH medium. The results suggest that variant cell lines with increased arginine decarboxylation and high levels of free putrescine production can survive acidic growth conditions better than the wild type counterpart. High levels of conjugated putrescine were associated with diminished survival rates in acidic medium. In addition, inhibition of arginine decarboxylase in wild type cell lines resulted in culture death only at low pH. Sensitivity to arginine decarboxylase inhibition coincided with the accumulation ofputrescine during the response to acid stress.
MATERIALS AND METHODS
Cell Lines and Culture Conditions. Wild type cell cultures were initiated from diploid Nicotiana tabacum cv xanthi leaves and grown on basal salts medium with 100 mg/L inositol, 10 mg/L thiamine HCI, 1 mg/L pyridoxine HCI, 1 mg/L nicotinic acid (9) , 30 g/L sucrose, 0.5 mg/L 2,4-dichlorophenoxyacetic acid (MS 1). The growth rate of liquid suspension cultures and cell viability was measured as previously described (14 (14) . An additional cell line was selected for resistance to 10 mM DFMO (Dfrl) using the same method of ultraviolet mutagenesis as was used to isolate the MGBG-resistant lines (14) . Each One of the MGBG-resistant cell lines, MgrJ2, had normal levels of arginine, ornithine, and S-adenosylmethionine decarboxylases (Table IA) . The S-adenosylmethionine decarboxylase activity, however, was 50% resistant to MGBG at concentrations ranging from 1 to 10 mmt (17) . The other MGBG resistant cell line, Mgr3, also had normal levels of the decarboxylases. However, the S-adenosylmethionine decarboxylase activity in Mgr3 was completely inhibited by MGBG at concentrations above 100 zlM (17) . Dfrl had normal levels of S-adenosylmethionine decarboxylase but had low levels of ornithine decarboxylase activity. In the absence of DFMO, the ornithine decarboxylase activity from Dfrl was about 10% of wild type on the basis of in vitro measurements; in 1 to 10 mm DFMO, the activity was consistently 5% of wild type indicating that half of the residual activity was insensitive to the inhibitor. Dfrl cells contained an elevated level of arginine decarboxylase activity which was 20-fold higher than in wild type cultures. By enzyme assay, total decarboxylation leading to putrescine in Dfrl was therefore twice as high as wild type.
Polyamine Levels (Table IB) .
Both Mgr3 and MgrJ2 contained normal levels of free putrescine but elevated levels of the acid soluble putrescine conjugates.
MgrJ2 also contained elevated levels of the insoluble putrescine conjugates as well. Very elevated levels of free putrescine were found in Dfrl which were not reflected in equivalent levels of conjugated putrescine. The three cell lines therefore contained elevated levels ofeither free putrescine (Dfrl), soluble conjugated putrescine (Mgr3), or total conjugated putrescine (MgrJ2). An additional unusual characteristic of Dfrl cultures was the high level of free putrescine found in the growth medium (Table  IC) . In general, in each cell line, the free putrescine levels found in the medium was proportional to the intracellular free putrescine. Dfrl, therefore, had a 10-fold excess of both intracellular and extracellular putrescine. (Fig. 2) . Six mm was apparently the minimum ionic strength of acidity which was lethal after 7 d in the presence of DFMA. In the absence of DFMA, 6 mM citrate elicited a nearly maximal increase in the free putrescine levels. In these experiments, only the initial accumulation of putrescine was measured (i.e. after 24 h). There was no effect on the levels of spermidine or spermine. The long term effects after 7 d of the low pH shock was not quantified since a large percentage of the cells were dead whereas after 24 h greater than 90% of the cells were still viable as judged by dye exclusion (14) .
After the addition of citrate, neutralization of a 50 ml culture (2 x 106 cells) occurred at a constant rate of 0.17 to 0.25 pH units per hour. Cultures were neutralized to pH 6 within 12 h. Cells responding to the acidic shock in the presence of DFMA neutralized the medium at the same rate as cells which were not exposed to the inhibitor. After 36 h, in cultures without DFMA, arginine decarboxylase levels and free putrescine were still maximally elevated suggesting that maintenance of the high enzymic activity and elevated titer offree putrescine was not strictly linked to the external pH. In a related experiment, cell were exposed to the low pH shock for varying periods of time followed by neutralization of the medium to pH 6.0 with 2 M Tris-Cl (pH 8.0). Arginine decarboxylase and putrescine levels were then measured 24 h after the acidic shock to estimate the minimum period of low pH exposure necessary for induction of arginine decarboxylase activity. A 4 h exposure to low pH buffer is required to elicit a maximal increase in arginine decarboxylase for at least 36 h (data not shown). Exposure of cells to low pH shock for as little as 30 min resulted in a 50% increase in putrescine titer after 36 h. Apparently, the low pH treatment served to trigger a long term response which was required for cell survival even after the medium was neutralized. DISCUSSION There currently is no encompassing hypothesis to account for the accumulation of putrescine and other polyamines under stress. A number of possibilities have been suggested including substitution for divalent ions in the regulation of nucleic acid function (3) , maintenance of the cellular ionic balance (1, 4) , and maintenance of the cellular pH (26) . A common denomi- Table I . Decarboxylase Activities and Putrescine Levels in Resistant Cell Lines Stationary phase tobacco suspension cells resistant to either DFMO (Dfrl) or MGBG (Mgr3, Mgrl2) were diluted 4-fold into medium containing citrate-Tris pH 6.0 or pH 3.5 at a concentration of 6 mm citrate. After 36 h an aliquot of the cells was taken for measurement of the free and bound putrescine titer and the decarboxylase activities. In (A), the arginine (ARG), ornithine (ORN), and S-adenosylmethionine (SAM) decarboxylase activities are shown as a function of the pH of the growth medium. The activities in parentheses are the values obtained in the presence of 1 mm difluoromethylornithine (Dfrl) or 1 mm methylglyoxal bis(guanylhydrazone) (Mgr3, Mgrl2). In (B), the abundance of free and bound putrescine in cells exposed to 6 mm citrate is shown. In (C), free putrescine in the growh medium from each culture is shown. 18.4 ± 3.0 27.7 ± 3.9 PHC 12.5 ± 1.9 20.9 2.7 18.0 ± 2.8 44.6 ± 6.0 a PCA-soluble fraction of putrescine.
b PCA-soluble conjugated fraction of putrescine detected after acid hydrolysis. C PCA-insoluble conjugated fraction of putrescine detected after hydrolysis. (28) . Also, changes in the intracellular pH associated with osmotic stress may be an important factor in the osmotic induction of putrescine synthesis. In this regard, it is well established that stromal acidification is a mediating mechanism involved in the inhibition of photosynthesis during osmotic stress (2) . We have been interested in the biochemical characterization of cell lines which are resistant to inhibitors of polyamine synthesis. Although the levels of polyamines in these and other cell lines have previously been reported (12, 16) (24) . Another example is production of a-aminobutyric acid from glutamate decarboxylation which, it has been suggested, can offset excess H+ production in the absence of compensating H+ efflux (23) . Measurement of arginine pools as well as radiotracer studies with arginine and ornithine precursors should be performed in order to confirm that putrescine production is the primary metabolic effect of arginine decarboxylation under acid stress.
The relatively low levels of putrescine conjugation in Dfrl also suggests that the high levels of arginine decarboxylase and free putrescine are not sufficient to induce equivalently high levels of putrescine conjugation. A possible conclusion from our results is that the conjugated putrescine populations are not available for maintaining free putrescine titers. This is suggested by MgrJ2 which had a stress induction of free putrescine accumulation indistinguishable from wild type yet contained high levels oftotal conjugates. Also, stress treatment of Mgr3 resulted in a 60% reduction in soluble conjugated putrescine. This diminished conjugation may have been due to an acid sensitive conjugation reaction or an increased degradation of these conjugates during stress. In either case, reduction of conjugate pools was not reflected in an equivalent increase in free putrescine.
The molecular basis of resistance of these cell lines is an area of speculation. One can suppose that the MGBG insensitive SAMdc in MgrJ2 operates in vivo providing a kinetic mechanism of resistance. One can also speculate that this might be due to a single mutated allele producing an inhibitor-insensitive enzyme. In addition, the elevated levels of putrescine and spermidine conjugates in Mgr3 and MgrJ2 may provide some resistance by out-competing the MGBG. In the case of Dfrl, only low levels of ORNdc were detected in vitro; however, some of this activity was insensitive to DFMO. It was not clear whether this residual activity was reflected in vivo or was an artifact of the homogenization and extraction procedure. Tracer studies to monitor the conversion of ornithine to putrescine in Dfrl will be helpful in resolving this possibility.
Further analysis ofMgr3, MgrJ2, and Dfrl during regeneration is required to determine if their high levels of free or conjugated polyamines persist during whole plant development. It is tempting to speculate that the developmental abnormalities observed in these and other cell lines originate in an inappropriate polyamine metabolism during regeneration. In general, the regeneration phenotypes of cell lines with altered polyamine metabolism has suggested that regulation of the polyamine pathway may be a critical requirement during the development of organized tissues (13, 15 more comprehensive genetic analysis of the polyamine pathway and may reveal the role of these compounds during stress adaptation as well as in higher plant development.
